The stubby root nematodes are world-wide distributed polyphagous root ectoparasites and can cause damage to a wide range of crops and natural vegetation. In this study, 22 valid and putative species of stubby root nematodes were identified in 37 samples collected in Malaysia, Mexico, Russia, and the USA (California, Florida, Minnesota and Nevada). The analysis of 58 new sequences of the D2-D3 expansion fragments of 28S rRNA gene revealed the following species: Nanidorus minor from California, Florida and Mexico, N. renifer from Florida, two unidentified Nanidorus species from California and Malaysia, respectively, Paratrichodorus allius from Florida and Minnesota, P. pachydermus and Paratrichodorus sp. from Russia, Trichodorus californicus, T. intermedius, and T. obscurus from California, T. obtusus from Florida, eight unidentified Trichodorus species from California, one unidentified Trichodorus species from Nevada, and two unidentified species of stubby root nematodes, one of Trichodorus and another undetermined species from Mexico. Molecular characterisation of T. californicus, T. intermedius and T. obscurus is given for the first time. The phylogenetic tree reconstructed from the analysis of 108 D2-D3 of 28S rRNA gene sequences of 58 valid and putative species of the stubby root nematodes contained five major clades: i) Trichodorus from Europe, Asia and North America; ii) Nanidorus and Trichodorus from Asia; iii) Trichodorus from California; iv) Paratrichodorus from several distant geographical regions; and v) Monotrichodorus from Central and South America. It has been hypothesised that the California Floristic Province is one of the centres of origin and diversification of stubby root nematodes. There is no information on the economic importance of the stubby root nematode species found in California and Mexico. The confirmation of the occurrence of N. renifer and P. allius in Florida should be of concern for the blueberry and potato industries in the state.
In the 1950s, species of the Trichodoridae were recognised as polyphagous root ectoparasites, commonly known under the epithet of stubby root nematodes because of the injury they cause to the root tips of their host plants (Christie & Perry, 1951) . Their adverse impact on crop production became more evident a decade later, when unequivocal proof was provided of their implication in the transmission of viruses of the Tobravirus group (Sol et al., 1960; van Hoof, 1962; Salomao, 1973) .
This discovery boosted interest in the family and resulted in an increase in species descriptions (Allen, 1957; Wyss, 1970; Siddiqi, 1974; Loof, 1975; Decraemer, 1995) . By the end of the 20th century, however, research work on stubby root nematodes decreased as it became evident that the number of virus vector species (11%) in this family is rather limited (Ploeg & Brown, 1997; Brown et al., 2004) . A reduction in species description occurred although trichodorid species remain a threat to many agricultural crops (Tomitaka et al., 2011; Shaver et al., 2016) .
At present, Trichodoridae contains 116 valid species belonging to six genera. The three didelphic genera are the largest and contain the only known virus vector species. The number of species reported in these genera include: Trichodorus Cobb, 1913 with 67 species of which four are vectors, Paratrichodorus Siddiqi, 1974 with 29 species among them eight vectors and Nanidorus Siddiqi, 1974 with six species of which two are vectors. The three monodelphic genera have, as far as we know, no vector species and consist of: Monotrichodorus Andrássy, 1980 with five species, Allotrichodorus Rodriguez-M, Sher & Siddiqi, 1978 with eight species and the most recent genus Ecuadorus Siddiqi, 2002 with two species.
Up to the end of last century, species descriptions were based on morphological and morphometric features. Identification of Trichodorus, even more so for Paratrichodorus and Nanidorus species, is hampered by many factors such as the general difficulty in fixing specimens properly having an impact on morphometrics. Another factor is the shape of some sclerotised structures such as the stylet, male spicules and the vagina with its sclerotised pieces in the female, and their largely conserved morphology and restricted number of diagnostic morphological features with overlap of measurements and co-occurrence of at least two species of the same genus in the same soil sample, which may often contain a limited number of specimens.
In the last two decades, molecular analyses based mainly on nuclear ribosomal RNA genes (D2-D3 expansion segments of 28S and partial 18S rRNA gene) were used to characterise valid trichodorid species and revealed the presence of several cryptic species. The molecular data clearly clarified the comparative morphological study, e.g., with the interpretation of intra-vs interspecific variation, but, on the other hand, morphology and morphometrics help molecular research to interpret the results when dealing with the co-occurrence of several species. The more recent integrated approach leads to the discovery and description of new cryptic species and to redefine formerly described species with a wide range in diagnostic characters as species complexes (Decraemer et al., 2013 . This more holistic approach, also taking geographic distribution into account, provides a better insight into the relationships at genus level.
The main goal of the present study was to provide molecular characterisation of several stubby root nematodes collected in the USA and other countries using the D2-D3 expansion fragments of 28S rRNA gene sequences. The phylogenetic relationships within these nematodes based on the analysis of this gene fragment sequences are also given.
Materials and methods

NEMATODE POPULATIONS
Nematode populations used in this study were obtained from soil samples collected from different plants and locations in the USA (California, Minnesota, Nevada and Florida), Mexico (Mexico, Puebla and Tlaxcala States), Malaysia and Russia (Table 1) . Samples consisted of soil and root fragments removed from the rhizosphere of each plant at a depth of 10-30 cm. Nematode specimens were extracted from soil using the centrifugal-flotation method (Jenkins, 1964) and used for molecular study. Identification and delimitation of species boundaries were undertaken using an integrated approach that considered morphological and morphometric evaluation combined with molecular-based phylogenetic inference (tree-based methods) and sequence analyses (genetic distance methods) (Sites & Marshall, 2004) . DNA EXTRACTION, PCR AND SEQUENCING DNA was extracted from several specimens of each sample using the proteinase K protocol. DNA extraction, PCR and cloning protocols were used as described by Tanha Maafi et al. (2003) . The following primer set was used for PCR: the forward D2A (5 -ACA AGT ACC GTG AGG GAA AGT TG-3 ) and the reverse D3B (5 -TCG GAA GGA ACC AGC TAC TA-3 ) primers (Subbotin et al., 2006) for amplification of the D2-D3 expansion segments of 28S rRNA gene. PCR products were purified using QIAquick (Qiagen) Gel or PCR extraction kits and submitted for direct sequencing or cloned using pGEM-T Vector System II kit (Promega). Sequencing was conducted at Quintara Biosciences (CA, USA). The newly obtained sequences were submitted to the GenBank database under accession numbers: MK584753-MK584804 and MK615145-MK615150 as indicated in Table 1 (which also cites the authorities of the species) and the phylogenetic tree (Fig. 1) . 
PHYLOGENETIC AND SEQUENCE ANALYSIS
The newly obtained sequences of the D2-D3 of 28S rRNA gene were aligned using ClustalX 1.83 (Thompson et al., 1997) with corresponding published gene sequences (Kumari & Subbotin, 2012; Zhao et al., 2013; Heydari et al., 2014; Pedram et al., 2014 Pedram et al., , 2015 Pedram et al., , 2017 Asghari et al., 2018; Decraemer et al., 2018; Huang et al., 2018 and others) . Outgroup taxa for each dataset were chosen based on previously published data (Kumari & Subbotin, 2012; Decraemer et al., 2018) . Sequence alignment was analysed with Bayesian inference (BI) using MrBayes 3.1.2 (Ronquist & Huelsenbeck, 2003) under the GTR + G + I model. BI analysis for each gene was initiated with a random starting tree and was run with four chains for 1.0 × 10 6 generations. Two runs were performed for each analysis. The Markov chains were sampled at intervals of 100 generations. After discarding burn-in samples (10%), a 50% majority rule consensus tree was generated. Posterior probabilities (PP) in percentage are given on appropriate clades. Sequence analysis of alignment was performed with PAUP* 4b10 (Swofford, 2003) . Pairwise divergences between taxa were computed as absolute distance values and as percentage mean distance values based on whole alignment, with adjustment for missing data.
Results
Using molecular criteria, we distinguished 21 valid and putative species of stubby root nematodes in 37 studied samples: N. minor (in three samples from California, one from Mexico (Tlaxcala State) and three from Florida), N. renifer from Florida, an unidentified Nanidorus sp. 1 from California, an unidentified Nanidorus sp. 2 from Malaysia, an unidentified stubby root nematode species from Mexico (Puebla State), P. allius (in two samples from Minnesota and two samples from Florida), P. pachydermus from Russia, an unidentified Paratrichodorus sp. 1 from Russia, T. obtusus from Florida, T. californicus, T. intermedius, and T. obscurus from California, seven unidentified Trichodorus spp. from California (Trichodorus sp. 1-4, 6-9), an unidentified Trichodorus sp. 5 from Nevada, and an unidentified Trichodorus sp. 10 from Mexico (Mexico State). Usually, samples collected in the same location contained only a single species, but up to five trichodorid species (T. californicus, Trichodorus spp. 1, 4, 6 and 7) were found in samples from the River Bend Park, Sacramento County, CA, USA.
The D2-D3 of 28S rRNA gene sequence alignment was 754 bp long and consisted of 108 sequences of 58 valid and putative species of the stubby root nematodes and four sequences used as outgroups. Fifty-eight new sequences of the D2-D3 of 28S rRNA gene of the stubby root nematodes were obtained in the present study. Phylogenetic relationships within Trichodoridae inferred from the analysis of this gene fragment are presented in Figure 1 
Discussion
The list of stubby root nematode species occurring in the USA contains 45 species belonging to four genera: Allotrichodorus, Nanidorus, Paratrichodorus and Trichodorus ( Table 2) . Most of these listed species have been identified using morphological analyses without any molecular validation of their taxonomic status. The species that have been only presently characterised molecularly in the USA include: N. minor, N. renifer, P. allius,
P. porosus, P. teres, T. californicus, T. intermedius, T. obscurus and T. obtusus.
Thirty-eight of the species recorded in the USA have been reported in Florida. This large number of trichodorid species needs to be confirmed because Lehman (2002) prepared a list of stubby root nematode species from Florida by compiling the records of the species found in regulatory samples submitted to the Florida Department of Agriculture and Consumer Services. These records do not contain morphological descriptions, morphometrics or illustrations of the identified populations, and therefore their identity remains uncertain. In Florida, however, the prevalent species in cultivated lands are N. minor, a vector of Tobacco Rattle Virus (TRV) causing corky ringspot disease of potato tuber, and T. obtusus, a parasite of turf grasses causing direct damage to the root system and suppression of grass vigour (Crow, 2017a, b) . The detection in our study of N. renifer and P. allius in centralsouthern counties of Florida validates the occurrence of these two species in the state, as reported by Lehman (2002) and Brito et al. (2016) , underscoring the need for additional morphological and molecular studies of Florida trichodorids. Confirmation of the presence of trichodorid species, such as N. renifer and P. allius in Florida, should be of concern to blueberry and potato growers in the State as the former species damages blueberry in blueberrygrowing regions of North America (Forge et al., 2012) and the latter is an efficient vector of TRV of potato in the Pacific Northwest (Riga et al., 2009) . Florida populations of P. allius should be tested for the presence of TRV. We would like to point out that both N. renifer and P. allius were found associated with the rhizosphere of peach trees. The possibility that these stubby root nematode species arrived in Florida with peach tree propagative material imported from outside the state for breeding purposes cannot be excluded.
The present molecular analysis revealed a high molecular diversity of stubby root nematodes in California. Paratrichodorus porosus and N. minor are considered to be widely distributed species and are known from previous surveys and studies in California (Siddiqui et al., 1973; Kumari & Subbotin, 2012) . In this survey, we reported the presence of 11 Trichodorus species: T. californicus, T. intermedius, T. obscurus, and eight unidentified and putative species of the genus. Four Californian species, characterised in the female by small triangular vaginal sclerotised pieces, belong to the major Trichodorus I clade, which includes species found in Europe, Asia and other regions of North America. The other seven Californian Trichodorus species clustered together and formed clade III. They are characterised in the female by the presence of large vaginal sclerotised pieces with the longest side parallel to the longitudinal body axis and roughly triangular with the inner side concave (e.g., as in T. californicus) to rounded rectangular (e.g., as in T. obscurus). A similar shape has also been found in one species from outside California, i.e., T. cottieri, which was originally described from New Zealand although has also been recorded from Florida (Lehman, 2002) . It cannot be excluded that these stubby root nematodes may be endemic and originated and diversified in California. California Floristic Province is considered one of the world's 36 most biologically rich and endangered terrestrial ecoregions. Forty-four per cent of plant and vertebrate species are endemic to the California Floristic Province (Myers et al., 2000; Mittermeier et al., 2004) . Several findings of endemic unidentified species and high molecular diversity of cystoid nematode genera of the Heteroderidae have already been noted for this region by Subbotin et al. (2017) . Major climatic and dispersal barriers have isolated the California Floristic Province for millions of years. The different groups of stubby root nematodes have evidently occurred in California during different time periods, some of them relatively recently in the Pleistocene and Holocene periods, as perhaps, for example, the parthenogenetic and cosmopolitan species, N. minor. Some other trichodorids, for example, representatives of Trichodorus, occurred here several mil- Table 2 . Stubby root nematodes reported in the USA. Bernard, 1992a Alaska Bernard (1992a T. cedarus Yokoo, 1964 Florida Anon. (1984 , Lehman (2002) T. coomansi De Waele & Carbonell, 1982 Florida Lehman (2002 T. cottieri Clark, 1963 Florida Lehman (2002 T. cylindricus Hooper, 1962 Florida Anon. (1984 T. dilatatus Rodriguez & Bell, 1978 California Rodriguez & Bell (1978 T. elefjohnsoni Bernard, 1992b Tennessee, North Carolina Bernard (1992b) , Ye (2018) T. elegans Allen, 1957 Idaho Anon. (1984 T. hooperi Loof, 1973 Florida Lehman (2002 T. intermedius Rodriguez & Bell, 1978 California, Florida
Lehman (2002); Rodriguez & Bell (1978) ; this study Waele & Cohn, 1992 Florida Lehman (2002 T. obscurus Allen, 1957 Arkansas, California, Florida, Maryland, New Jersey, Oregon, Pennsylvania, Virginia, Siddiqui et al. (1973); Anon. (1984) ; Bird et al. (2018) ; this study lion years earlier. It has been proposed that diversification and establishment of spatial genetic structure across some animal taxonomic groups, including Arthropoda, coincide with the putative age of California's mountain ranges and aridification in the region that occurred over the past 2-10 million years (Calsbeek et al., 2003) . Similar diversification might have occurred for the stubby root nematodes in California. The great diversity of species found in California has important taxonomic significance. Unfortunately, information on the economic importance for California agriculture is still lacking. Recently, other apparent centres of speciation and diversification of Trichodoridae were found in the Iberian Peninsula and Irano-Anatolian region. At present, Spain contains the highest number of Trichodorus species per country (15 species) (Decraemer et al., 2013) followed by Iran with nine Trichodorus species recorded (Pedram et al., 2015; Asghari et al., 2018) . However, we have to take into account that the recently differentiated species (e.g., from Iran, Spain) are based on a combined molecular and morphological approach. It is interesting to note that in our phylogenetic tree the representatives of Trichodorus from these two geographical locations, which are separated by a long distance, showed close relationships and were placed in the same subclades. These recent data are based on the use of an integrated approach combining DNA sequences and morphological features for species delimiting and identification. In the past, records on species diversity were based on morphology only. Trichodorus appeared widespread in Europe and showed a rather large species diversity in the UK and Germany (eight species) and Belgium (seven species). These identifications were solely based on morphological differentiation. A similar high species diversity of Trichodorus was described from South Africa: nine species, nearly all from natural vegetation and thus considered endemic to this region (Decraemer, 1995; Decraemer & Robbins, 2007) . Application of molecular data will allow finding of additional centres of trichodorid diversification and understand dispersal pathways and patterns.
In this study the molecular characterisations of three species of stubby root nematode from Mexico (Mexico, Puebla and Tlaxcala States) are also provided. Information on trichodorid species occurring in Mexico is deficient. A list published by Belmont (2000) includes reports of detection of Trichodorus sp. from agronomic and vegetable crops, and from fruit trees in many States located in central and southern Mexico. The occurrence of P. grandis Rodríguez & Bell, 1978 has been reported from avocado in the State of Puebla by López & Téliz (1983) . Siddiqi (2002) also described N. mexicanus from soil around Pinus sp., in a forest near St Rafael, Mexico State. The impact of these trichodorids on Mexican agriculture is not known. The agricultural and regulatory considerations underscore the need to obtain more information, not only on the identity, but also on the potential damage that these new characterised stubby root nematode species can cause to agricultural industries in the USA and Mexico.
